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Abstract:
In Escherichia coli, cell division is defined by the polymerization and constriction of a
cytokinetic ring (Z ring) formed by FtsZ, a tubulin-like GTPase, at midcell. Division also
involves the formation of a multi-protein complex at midcell known as the divisome. Several
divisome proteins promote the assembly/disassembly processes of FtsZ, thereby exercising
spatiotemporal control over division. Among FtsZ regulatory proteins are the FtsZ ringassociated proteins (Zap), which either directly or indirectly stabilize the Z-ring by increasing
lateral interactions amongst FtsZ protofilaments in the Z-ring. ZapA-D are recruited during early
cytokinesis and have overlapping functions in stabilizing FtsZ at midcell, but share no primary
sequence identity. The focus of this study is on ZapC, a small cytoplasmic protein that is
conserved in the gamma proteobacteria, co-localizes with FtsZ at midcell, and promotes lateral
interactions amongst FtsZ protofilaments in the Z-ring. Cells lacking ZapC show modest
increase in cell lengths and overexpression of ZapC leads to aberrant hyperstable Z-rings and
lethal filamentation. In this study we attempt to address the precise molecular nature of how
ZapC and FtsZ interact. Genetic, molecular and structural evidence from our work suggest that
residues in a basic pocket-like domain of ZapC likely interact with conserved globular domain
residues of FtsZ through electrostatic interactions. A better understanding of the FtsZ-ZapC
interaction at atomic details could provide clues into the biology of Z-ring assembly and stability
in E. coli and related species.
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Background:
In Escherichia coli cell division is defined by polymerization and constriction of a
cytokinetic ring (Z ring) formed by FtsZ, a tubulin-like GTPase, at midcell (Adams and
Errington 2009, de Boer 2010, Lutkenhaus et al. 2012, Erickson et al. 2010). FtsZ plays a central
role in division in most bacteria, many archaea, all chloroplasts, and in mitochondria of primitive
eukaryotes (Erickson et al. 2010). Cell division in E. coli involves at least 24 associated proteins
that promote the assembly/disassembly process of FtsZ at midcell, and form a protein complex
known as the divisome (Huang et al. 2013). Cells lacking essential division proteins fail to
constrict and exhibit a lethal division phenotype (Adams and Errington 2009, de Boer 2010,
Lutkenhaus et al. 2012). However, some regulatory proteins have functionally redundant roles,
making them individually nonessential for viability (Adams and Errington 2009, Huang et al
2013). Nevertheless, the nonessential FtsZ regulators have important roles due to inhibition of
division or synthetic lethality when expression of two or more such regulatory proteins is altered
(Adams and Errington 2009, Huang et al 2013).

FtsZ:
FtsZ is made up of five domains: an N-terminal region; the first 10 amino acids of which
are disordered, a globular domain that contains the nucleotide binding region and the T7 synergy
loop needed for nucleotide hydrolysis, a linker of variable length and residues, a C-terminal tail
(CTT) that contains a highly conserved set of residues that are critical for the docking of FtsZinteracting proteins, and a more recently defined C-terminal variable (CTV) region (Erickson et
al. 2010, Buske and Levin 2012). Like tubulin, FtsZ assembles into protofilaments upon binding
GTP (Bi and Lutkenhaus 1991, de Boer et al. 1992, RayChaudhuri and Park 1992). GTP
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hydrolysis disassembles FtsZ protofilaments and is thought to contribute to the constrictive force
required for cell division (Mukherjee and Lutkenhaus 1998, Erickson et al. 2010, Erickson et al.
2012). In E. coli, the intracellular concentration of FtsZ remains the same throughout the cell
cycle (Weart and Levin 2003). Therefore, regulation of FtsZ occurs at the level of assembly and
disassembly of FtsZ protofilaments and the assembly dynamics are important for Z-ring stability
and the spatiotemporal control of division.

FtsZ-ring associated proteins:
Among the many FtsZ regulatory proteins are the FtsZ ring-associated proteins (Zap),
which either directly or indirectly stabilize the Z-ring by increasing lateral interactions and
bundling of FtsZ; such bundling is assumed to provide stability to the Z-ring in vivo (Huang et
al. 2013). ZapA-D are recruited during early cytokinesis and have overlapping functions in
stabilizing FtsZ at midcell (Huang et al. 2013). ZapA is widely conserved in Gram- negative and
positive bacteria and promotes the assembly and stability of the Z-ring by cross-linking adjacent
FtsZ protofilaments (Guerios-Filho and Losick 2002, Mohammadi et al. 2009, Dajkovic et al.
2010). Absence of ZapA leads to cell elongation (Mohammadi et al 2009). ZapB localizes to the
divisome via ZapA and enhances the role of ZapA in FtsZ bundling (Galli and Gerdes 2010,
Galli and Gerdes 2012). ZapC and ZapD each localize to the midcell division site in an FtsZdependent manner, and also promote bundling of FtsZ protofilaments (Durand-Heredia et al.
2012, Durand-Heredia et al. 2011, Hale et al. 2011). While ZapA is widely conserved, ZapB-D
are restricted to the gammaproteobacteria and none share any primary sequence homology
amongst each other.
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ZapC:
As mentioned above, ZapC is an early assembly protein that co-localizes with FtsZ at
midcell and promotes interactions between FtsZ protofilaments in the Z-ring (Hale et al 2011,
Durand-Heredia et al. 2011). Cells lacking ZapC show marginal increases in cell lengths but a
zapA zapC double mutant shows increased cell lengths and greater variability among the
bacterial population compared to cells in zapA or zapC single mutants (Hale et al. 2011, DurandHeredia et al. 2012). These genetic data show that ZapA and ZapC have overlapping functions in
promoting FtsZ-ring stability. Overexpression of ZapC leads to aberrant hyperstable Z-ring
structures and lethal filamentation (Hale et al. 2011, Durand-Heredia 2011). In vitro, ZapC binds
FtsZ directly, enhances FtsZ assembly into protofilament bundles, and suppresses FtsZ GTPase
activity (Hale et al. 2011, Durand-Heredia et al. 2011).

Significance:
The nature of the selective pressure that ensures the presence of several FtsZ-ring
associated proteins with redundant functions in FtsZ-ring stability in E. coli is not clearly
understood. It is thought that each of these proteins, including ZapC, may perform a beneficial
function in FtsZ-ring polymerization and stability under some specific environmental conditions.
Addressing the precise interactions of each FtsZ-associated protein with FtsZ to atomic details
may begin to provide clues into the biology of FtsZ-ring stability maintenance in E. coli and
related species.
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Approach:
We aim to elucidate the interactions between FtsZ and ZapC in E. coli to atomic
resolution as a first step towards the above-mentioned goal. The structural analysis of ZapC
(collaboration with Maria Schumacher at Duke University, unpublished results), shows a
monomeric protein and predicts two potential FtsZ interaction domains: a “peptide-binding site”
so termed because the linker peptide of a crystallized His-ZapC fusion binds to this region, and a
“basic pocket-like” structure, which in addition to many positively charged residues also consists
of hydrophobic residues.
To determine whether amino acid residues predicted by the structural analyses are
important for interaction with FtsZ, a site-directed mutagenesis study was conducted to change
these specific residues in ZapC to alanines or the opposite charge in the context of the full-length
protein and interactions with wild type FtsZ were measured using a yeast two-hybrid (Y2H)
assay. Next, those aa residues deemed to be critical in the ZapC-FtsZ interactions via Y2H
assays were subjected to genetic, cell biological and biochemical assays. Previous data from the
lab (S. Chaudhry, unpublished results, Figure 9B) suggested that amino acid residues 289-314 of
FtsZ, which lie in the conserved globular domain of FtsZ, may be critical in interacting with
ZapC. The importance of these residues in FtsZ were also tested for interactions with wild type
ZapC via Y2H assays. Our results indicate that residues in the ZapC basic pocket-like domain
are likely important for ZapC interaction with FtsZ, and that electrostatic interactions are a
possible basis of mechanism for the FtsZ-ZapC interaction. It was also observed that the
conserved C-terminal tail of FtsZ, a common interaction site for many FtsZ-regulators is not
required for FtsZ interaction with ZapC, and that ZapC mediated FtsZ bundling may differ from
other Zap proteins.
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Methods:
Strains and plasmids:
All strains and plasmids used in the study are listed in Table 1. All bacterial strains were
grown in Lennox Broth (LB, 0.5% NaCl) and maintained on LB agar plates at 37°C. Antibiotics
were used at the following concentrations: ampicillin at 100 µg/ml and spectinomycin at 100
µg/ml. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to 100 µM, 250 µM, 500 µM
and 1 mM where appropriate. Haploid yeast strains PJ69-4A were grown on Yeast Nitrogen
Base lacking Uracil (YNB-URA) plates and SL3004 in YNB-LEU plates at 30°C. Diploid yeast cells
were grown on Yeast Extract Peptone Dextrose (YEPD) plates initially and then selectively in
YNB-URA-LEU plates at 30°C.

Molecular methods:
Site directed mutagenesis on the pCH320 plasmid was performed using the QuickChange
kit according to the manufacturer’s instructions (Agilent), and the FtsZ deletion mutants were
constructed using the Phusion High-Fidelity PCR kit protocol using primers outlined in Table 2.
The mutations were verified by sequencing (Genewiz) and the ZapC or FtsZ fragments were
digested using restriction enzymes BamH1 and Sal1 and recloned into the pGBDUC1 (BD
fusion) or pGADC1 (AD fusion) vectors to avoid non-specific mutations in the vector backbone.
The clones were chemically transformed into yeast strains PJ69-4A and SL3004 and grown on
YNB-URA and YNB-LEU selective plates at 30°C (C. Guthrie lab protocol). Yeast matings were
done on YEPD plates between a and alpha strains carrying pGBDCU1 and pGADC1 plasmids.
Diploid strains were selected on YNB-URA-LEU plates, and then grown in YNB-URA-LEU broth at
30°C to conduct Y2H assays following the protocol outlined by vendor (Pierce) when LacZ was
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used as a reporter. For Histidine as a reporter, the strains were patched for growth on YNB-URALEU-HIS

plates with and without 3-Amino-1, 2, 4-triazole (3AT) at 30°C.
Single mutants in the zapC pGBDUC1 vector were used as a template in Phusion High-

Fidelity PCR reactions using BamH1 Forward and pNG162 HindIII primers as outlined in Table
2 to generate zapC mutants for genetic and cell biological analyses. The mutations were verified
by sequencing and the correct amplified PCR fragments were digested using restriction enzymes
BamH1 and HindIII and recloned into the pNG162 vector to avoid non-specific mutations in the
vector backbone. The verified clones were transformed into TB28 competent cells and grown on
plates with IPTG inducer at concentrations of 0 µM, 100 µM, 250 µM, 500 µM and 1 mM to
determine growth and viability.

Analysis of proteins:
Western blot analysis was performed using standard molecular protocols. FtsZ deletion
mutant proteins from yeast using a TCA protocol (provided by Schwer lab, Cornell). FtsZ mutant
strains were grown at 30°C by diluting overnight cultures to OD660 = 0.3, and grown up to OD660
= 0.6-1.0. Each pellet was then resuspended in 50 µl FtsZ Lysis Buffer (50 mM Tris pH 8.0, 100
mM NaCl, and 1 mM EDTA) and 0.5 µl of phenylmethanesulfonylfluoride (PMSF). Mutant
proteins from bacterial cells were harvested by spinning down overnight cultures grown in 0.1%
Glucose and diluting them in fresh LB to OD600 = 0.02 and then grown to OD600 = 0.2-0.3 at
which time IPTG was added at 100 µM for 1 hour at 37°C. Samples were harvested, normalized
to OD600 and resuspended in 4X loading dye. 20 µl of the samples were resolved in a 10 % SDSPAGE gel for both FtsZ deletions and single mutant proteins from yeast, and in a 15% SDSPAGE gel for zapC mutants in bacteria. Antibody concentrations used are included in figure
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legends. Anti-ZapC and Anti-FtsZ polyclonal antibodies were generated against peptides
(GenScript) and a commercial anti-AD antibody (Sigma) was used where appropriate.

Microscopy:
Cells were visualized by phase microscopy at 100X using a Nikon Eclipse Ti
epifluorescence microscope. Images were captured digitally using a Nikon DigiSight
monochrome charge-coupled-device (CCD) camera. Each colony of zapC mutant and wild type
strains (TB28) carrying the vector alone were isolated from LB plates with their respective IPTG
concentrations, re-suspended in 20 µl of fresh LB and visualized by creating wet mounts on
clean glass slides.

FtsZ sedimentation assay:
Purified FtsZ and FtsZ dCTT (1-372) (5 µM) was added to either purified ZapC or ZapD
(1 µM) in FtsZ 10X polymerization buffer (50 mM KMOPS pH 6.5, 50 mM KCl, 2.5mM
MgCl2), 2 mg/ml BSA, water, and GTP (1 mM). Reactions (100 µl mixtures) were spun down
using a TLA100.2 rotor at 80,000 rpm for 10 min at 25°C. 81 µl of the supernatant were then
removed, and 27 µl of 4X loading dye was added to make a final concentration of 1X. The rest of
the supernatant was disposed of, and the pellets were resuspended in 100 µl of 1X
polymerization buffer and 33 µl of 4X loading dye was added to make a 1X final concentration.
5.4 µl of the supernatants and 6.6µL of the pellets were resolved in a 12.5% SDS-PAGE gel.
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Results:

Structure analysis of ZapC predicts two potential FtsZ interaction domains:
The structural analysis of ZapC (collaboration with Maria Schumacher at Duke
University, unpublished results), predicts two potential FtsZ interaction domains: a “peptidebinding site” so termed because the linker peptide of a His-ZapC fusion bound to this region, and
a “basic pocket-like” structure (Figure 1). The basic pocket-like domain is thought to be
important because in addition to being extremely basic, it contains some hydrophobic residues –
normally such residues are not found on the surface of a protein unless they are interacting with
another protein. Based on the structure provided, the amino acid residues of interest in the
peptide-binding site are R19, R31, R33, R36 and in basic pocket-like domain are K37, K89, K94
and R150 (Figure 1). To test whether charge-charge interactions mediated through these amino
acid residues are important for the ZapC-FtsZ interaction, we altered each residue in the context
of the full-length protein, initially to alanine and subsequently to the opposite charge, by sitedirected mutagenesis. The mutant ZapC proteins were tested in molecular, genetic and cell
biological assays relative to wild type ZapC as detailed below.

Mutations in both the peptide-binding site and the basic pocket-like domain of ZapC show
decreased interactions with FtsZ:
We first tested zapC mutants in peptide-binding and basic pocket sites for protein-protein
interactions with full-length FtsZ in an Y2H assay. As expected, wild type ZapC and FtsZ
showed a strong interaction compared to controls - a BD-ZapC plasmid with AD vector alone or
a ZapC L22P mutant (a ZapC mutant that cannot interact with FtsZ) with AD-FtsZ in Y2H
assays (Hale et al. 2011, Table 3, Supplemental Figures 1 and 2). Initially, mutating residues R31
9

and R33 singly to alanines showed no changes in ZapC-FtsZ interactions compared to wild type.
However, a significant decrease in interaction of single mutants R31E and R33E or a zapC
double mutant R31A R33A with FtsZ was noted (Table 3, Supplemental Figure 1). Surprisingly,
a ZapC R31E R33E double mutant did not show any changes in ZapC-FtsZ interaction in a Y2H
assay – results that were counterintuitive to the initial assays (Table 3, Supplemental Figure 1).
The simplest explanation is that each of R31E, R31E, R33A, and R33E single mutants and the
R31A R33A double mutant are perhaps unstable and therefore show a loss of interaction with
FtsZ in an Y2H assay or that the R31E R33E double mutant shows a false positive interaction.
Despite repeated attempts we failed to detect whether ZapC R31E and ZapC R33E protein
fusions were not degraded and were stably expressed in yeast using the anti-ZapC polyclonal
antibody in the lab.
As a result, we decided to redirect our efforts to residues in the ZapC basic pocket-like
domain. ZapC basic pocket domain mutants K37D, K89D, K94D and R150E each showed
significant decreases in interactions with FtsZ compared to wild type in Y2H assays (Figure 2
and Table 3, Supplemental Figure 2). In previous Y2H results it was observed that changing K37
and R150 to alanines did not drastically decrease interactions with FtsZ (data not shown). Since
placing unlike amino acids has more of an influence in altering the ZapC-FtsZ interaction,
perhaps, electrostatic interactions are a possible mode of ZapC interactions with FtsZ.

ZapC binding pocket mutants showed increased viability upon overexpression in E. coli:
To confirm the critical nature of basic pocket domain residues in the ZapC-FtsZ
interaction, we next conducted genetic and cell biological assays. Each zapC mutant was cloned
into an IPTG inducible low copy pNG162 vector, and transformed into wild type background
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and assayed for viability under a range (100 µM – 1 mM) of inducer concentrations. As
expected, overexpression of ZapC leads to lethal cell filamentation and no colony growth on
plates at 100 µM IPTG inducer concentrations (Figures 5 and 6, Hale et al. 2011). Relative to
wild type, each ZapC basic-pocket mutant protein showed a fair amount of growth upon over
expression at 100 µM IPTG (Figure 5). ZapC K89D mutant showed comparable growth to vector
alone even at the highest inducer concentration (Figure 5). These results suggest that the
decrease in ZapC-FtsZ interaction activity observed in the Y2H assays with the ZapC basic
pocket domain mutants is not simply due to fusion protein degradation in yeast. Of note, other
high copy IPTG inducible vectors (pTrc99a, pDSW204 and pDSW206) were not suitable for this
genetic test as they displayed strong lethality upon overexpression of each basic-pocket domain
mutant similar to wild type ZapC overexpression under all inducer concentrations (data not
shown).

ZapC K89D binding-pocket mutant showed normal cell lengths upon overexpression:
We next determined the cell morphologies of overexpression of basic-pocket domain
mutants compared to wild type ZapC. As expected, cells over expressing wild type ZapC showed
a filamentous phenotype upon low levels of induction, and at higher levels of induction, lethality
was observed (Figures 5 and 6). In accordance with the robust growth on plates, ZapC K89D
displayed cell morphologies and cell lengths similar to the vector alone control up to 1 mM IPTG
concentrations (Figure 6). The ZapC K94D mutant, which showed weaker growth compared to
the vector alone on plates (Figure 5) displayed moderate filamentation of cells (Figure 6).
However, ZapC K37D and ZapC R150E mutants, which showed better survival on plates
compared to wild type ZapC overexpression, displayed filamentous phenotypes similar to wild
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type ZapC (Figures 5 and 6). Surprisingly however, at higher concentrations of IPTG, ZapC
K37D and R150E showed phenotypes similar to vector alone. Perhaps zapC encoded on the over
expression plasmid was deleted or mutated in these backgrounds. Sequences of the mutant
plasmid were not verified to test this assumption. Previous observations showed two colonies of
wild type ZapC surviving 1 mM IPTG induction but plasmid sequences revealed that the zapC
gene had been deleted forming the basis of our assumption (data not shown).
Finally, a ZapC K89D K94D double mutant survived robustly at 1 mM IPTG
concentrations and cell lengths phenotypes similar to the ZapC K89D single mutant was
observed (Figure 6). The ZapC K89D K94D double mutant showed similar loss of interaction
with FtsZ as a ZapC K89D in an Y2H assay (Figures 3). Taken together these results suggest that
there were no additive phenotypes to the K89D K94D double mutant. To confirm that the data
from the Y2H and genetic and cell biological assays from the basic pocket-like domain mutants
were not simply due to mutant protein instability, a western blot was conducted. Results show
that the mutant proteins are indeed stable upon over expression (Figure 4). Collectively, our
results suggest that the lysine residue at position 89 is likely to be a critical residue in the
interaction between ZapC and FtsZ. Other residues tested in the basic-pocket domain continue to
be of interest since they show varying effects on viability and cell morphologies.

Mutations on the potential ZapC docking site in FtsZ show no drastic decrease in interaction
with ZapC:
Earlier experiments using Gateway vectors and a Histidine reporter assay for Y2H
determined that FtsZ289-314 was necessary and sufficient for interaction with ZapC (S. Chaudhury,
unpublished results, Figure 9B). Therefore, site-directed mutagenesis of residues 289-314 was

12

conducted to observe whether residues from this area of FtsZ are indeed critical for interaction
with full-length ZapC. Since our data suggest that electrostatic interactions are a possible
mechanism for FtsZ-ZapC interaction, FtsZ residues D299, D301, D304 and E305 were chosen
and mutated to lysines, and the glutamic acid to arginine in the context of full-length FtsZ. In
both Histidine growth (Figure 7A) and LacZ activity (Table 4, Supplemental Figure 3) Y2H
assays, there were no significant decreases in mutant FtsZ interaction with ZapC compared to
wild type FtsZ-ZapC interaction. Even a FtsZ D299K D304K E305R triple mutant did not show
significant changes in protein-protein interactions compared to wild type FtsZ interactions with
ZapC interactions in Y2H assays (Figure 7B, Table 4 and Supplemental Figure 3). Western
blotting shows that all the AD fusion FtsZ mutant proteins were stable in yeast (Figure 8). These
data suggest that these specific charged residues in the globular domain of FtsZ are not critical
for interaction with ZapC and other amino acid residues in the FtsZ globular domain may be
mediating the interaction with ZapC.

FtsZ deletion mutants show a decrease in interaction with ZapC:
Given that single mutants in the presumed ZapC docking site of FtsZ failed to produce
conclusive results we decided to confirm the His reporter assay Y2H results conducted
previously in the lab by using the LacZ reporter activity. The Y2H assay failed, as the
background activities (with Gateway cloned AD and BD-fusions used in the His reporter assay)
were too high to draw any reliable conclusion (data not shown). Next, the FtsZ deletion mutants
were then cloned into the pGADC1 and pGBDUC1 vectors to conduct Y2H assays since these
vectors are in a non-Gateway background, and results reported for other mutant ZapC
interactions with FtsZ in above sections in these vector backgrounds did not show high
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background activities. The results from the Histidine growth (Figure 9A) and LacZ reporter
activity (Table 4, Supplemental Figure 4) assays confirmed that the FtsZ globular domain is
indeed important for interaction with ZapC. Importantly, there was no significant decrease in
interaction activity of FtsZ mutants with a truncated C-terminus of FtsZ (FtsZ1-379, FtsZ1-372 and
FtsZ1-314) and ZapC, confirming that the FtsZ conserved tail is not critical for interaction with
ZapC (Table 5, Supplemental Figure 3). However, the FtsZ289-383 construct, which is expected to
carry the residues implicated in interaction with ZapC in the prior assay, showed a decrease in
activity with ZapC under these experimental conditions (Table 5, Supplemental Figure 3).
Western blot analysis showed that while FtsZ1-379, FtsZ1-372 and FtsZ1-314 and FtsZ315-383 proteins
are stable in yeast; the FtsZ289-383 fusion is degraded (Figure 10). The Y2H data suggest that the
conserved C-terminal tail of FtsZ is not required for interaction with ZapC and it’s likely that
critical ZapC interaction residues lie elsewhere in the FtsZ globular domain.

FtsZ CTT is not required for interaction with ZapC.
Lastly, we decided to conduct in vitro tests to determine which FtsZ domain may be
critical for ZapC-FtsZ interaction. Previous in vitro studies have shown that in the presence of
GTP, wild type ZapC interacts directly with FtsZ and promotes FtsZ bundling via stabilizing
interactions (Durand-Heredia et al. 2011, de Boer et al. 2011). In these assays, full length FtsZ
was used to test interaction with ZapC. Since ZapD, another FtsZ stabilizer in E. coli requires
FtsZ CTT for its interaction with FtsZ; it was used as a control (K. Huang, unpublished results).
As expected both ZapC and ZapD co-pelleted with FtsZ and increased the amount of polymeric
FtsZ in the pellet. ZapC appeared to sediment more polymeric FtsZ compared to ZapD,
suggesting that it may be a better bundler of FtsZ or bind FtsZ with greater affinity compared to
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ZapD (Figure 11). While ZapD fails to bind or pellet FtsZ lacking the FtsZ conserved tail, ZapC
co-pelleted with FtsZ1-372 (Figure 11). These data indicate that indeed FtsZ CTT is not required
for interaction with ZapC.
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Conclusions:
Using a combination of structure based predictions and molecular, genetic, cell biological
and biochemical assays we have identified a critical residue in ZapC that likely plays a role in
interacting with FtsZ. ZapC K89 lies in a basic pocket-like region of ZapC and when mutated to
an aspartate shows decreased interactions with FtsZ in a Y2H assay. Overexpression of ZapC
K89D mutant shows no significant changes in cell viability or cell morphology compared to wild
type ZapC overexpression indicative of a loss of interaction with FtsZ. Preliminary analysis of
the ZapC K89D protein indicates that the mutant protein is stable.
Our results also indicate that the globular domain of FtsZ is important for its interaction
with ZapC and that the conserved C-terminal tail of FtsZ is dispensable for this interaction.
Several positive and negative regulators of FtsZ exist in E. coli and a many of these proteins use
the FtsZ CTT domain to interact with FtsZ. ZapC appears to be one of few FtsZ regulators that
interact with a different domain of FtsZ; MinC(N) and ZapA being two other FtsZ regulatory
proteins for which FtsZ CTT is dispensable (Shen and Lutkenhaus 2010, Mohammadi et al.
2009). ZapD, another FtsZ stabilizer, is functionally redundant with ZapC but uses FtsZ CTT as
its interaction site suggesting that these two FtsZ-ring associated proteins use different molecular
mechanisms to achieve the same apparent function in Z-ring bundling and stability (DurandHeredia et al 2012). Lastly, given that many negatively charged patches exist within the globular
domain of FtsZ and positive residues in the ZapC basic-pocket domain are implicated in the
FtsZ-ZapC interaction, we predict that electrostatic interactions are a likely mechanism for the
FtsZ-ZapC interaction.
Overall, our results are expected to provide specific insights into the molecular
mechanisms of ZapC mediated FtsZ-ring stability and more general clues to the assembly and
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maintenance of FtsZ-ring during the early stages of E. coli cytokinesis. Importantly, our
collaboration with the Schumacher lab will enable us to study the ZapC-FtsZ regulatory
interaction to atomic details. Since ZapC and FtsZ are conserved in enterics including several
pathogens, our study of the FtsZ/ZapC pair is expected to serve as an outstanding structural and
functional model in furthering the understanding of FtsZ assembly dynamics in bacterial
cytokinesis.

Future Studies:
We will next purify the ZapC K89D mutant and conduct co-sedimentation assays with
purified FtsZ to determine whether the mutant has a significant decrease in interaction with FtsZ
relative to wild type ZapC-FtsZ interaction. These reactions will be visualized by Transmission
electron microscopy. As with basic-pocket mutants, we also plan to conduct similar genetic and
cell biological tests with the peptide binding site mutants. Furthermore, we will conduct a
complementary genetic analysis with a zapA zapC double mutant. A zapA zapC mutant shows
increased cell lengths compared to wild type (Durand-Heredia et al. 2012). Wild type ZapC can
rescue the cell lengths to that of zapA levels in trans. We will test the various zapC mutants to
determine whether they can rescue zapA zapC cell lengths to that of zapA alone. We predict that
stable zapC mutants that have lost their interaction with FtsZ, will not be able to rescue the
double mutant filamentous phenotype in vivo. The zapC mutants that show the least amount of
rescue in the genetic analyses will be tested in in vitro FtsZ sedimentation assays by purifying
the mutant ZapC proteins. Even though single mutants in the FtsZ289-314 region of the globular
domain, the predicted ZapC-docking site, did not show changes in interaction activity with
ZapC, further analysis of other regions of the globular domain of FtsZ must be conducted.
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Deletions of varying lengths in the FtsZ globular domain will be created, and stable mutant
proteins will be assayed for interaction with ZapC. FtsZ mutants that fail to interact with ZapC
will be purified and tested in sedimentation assays and visualized by TEM as described above.
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A.

180o

B.

Arg150
Lys94

180o
Arg33
Arg 1 9

Lys89

Ala36*

Arg31
Lys37

C.
180o

Figure 1. Overall structure of a His-ZapC fusion protein (Courtesy of Dr. Maria
Schumacher, Duke University, unpublished data).
A and B are ribbon representations of a ZapC crystal structure (coordinates provided by the
Schumacher lab at Duke University). In A, α-Helices are colored red, and β-strands are colored
blue. B shows the two predicted FtsZ-interaction domains in ZapC: the peptide-binding site
(R19, R31, R33 and R36) colored in blue and the basic pocket-like domain (K37, K89D, K94
22

and R150) colored in red. C. Here a space-filling model of the ZapC structure is shown. In all
three images a 180 degree rotated image of the structure is included.
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Figure 2. Mutations in both the peptide binding site and the basic pocket residues of ZapC
show decreased interactions with FtsZ.
Yeast two-hybrid screen using YNB selective media (-URA-LEU-HIS) and 3-Amino-1,2,4triazole (3-AT), a competitive inhibitor of the HIS3 gene product. Various ZapC single and
double mutant fusions are tested for interaction with full-length FtsZ. Plates were incubated at
30°C for 2 days.
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Figure 3. ZapC K89D K94D double mutant in the basic pocket of ZapC shows significant
decrease in interaction with FtsZ.
Yeast two-hybrid screen using YNB selective media (-URA-LEU-HIS) and 3-Amino-1,2,4triazole (3-AT), a competitive inhibitor of the HIS3 gene product. The ZapC K89D K94D double
mutant shows reduced interaction with FtsZ compared to wild type ZapC. Plates were incubated
at 30°C for 2 days.
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20.6 kDa

Figure 4. ZapC single mutant proteins are stable in bacteria.
Western blot analysis of purified ZapC, over expressed ZapC, vector alone, and over expressed
ZapC mutants from the basic pocket domain, using a rabbit anti-YcbW polyclonal antibody is
shown to determine the stability of mutant proteins. A 1:4,000 dilution of the primary antibody
and a 1:20,000 dilution of a goat anti-rabbit secondary antibody (IR800) were used. 20 µl of the
samples were resolved in a 15% SDS-PAGE gel.
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1 mM IPTG
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Figure 5. Viability analysis suggests that ZapC K89 is critical for interaction with FtsZ
Images of growth on plates of pNG162, pNG162-ZapC and pNG162-ZapC basic pocket mutants
in wild type (TB28) strain background under different concentrations of IPTG induction.
Plasmid bearing strains were grown on LB plates with spectinomycin at 100 µg/ml. IPTG was
added to 100 µM, 250 µM, 500 µM and 1 mM. Plates were incubated at 37°C overnight and
imaged the next day.
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Empty
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K37D
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K94D
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IPTG Concentrations
None

ZapC
K89D
K94D

100 µM

N/A

250 µM

N/A

500 µM

1 mM

N/A

Figure 6. Microscopy analysis suggests that ZapC K89 is critical for interaction with FtsZ.
Phase images of pNG162, PNG162-ZapC and pNG162-ZapC basic pocket mutant in wild type
(TB28) strain background under different concentrations of IPTG induction. Strains were grown
on LB plates with spectinomycin at 100 µg/ml. IPTG was added to 100 µM, 250 µM, 500 µM
and 1 mM where appropriate. Plates were incubated at 37°C overnight. A single colony was
resuspended in 20 µl LB broth and visualized using wet mounts on glass slides at 100X
magnification. Scale bar = 5 µm.
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A.

B.

Figure 7. Single mutations in FtsZ289-314 show no drastic decrease in interactions with
ZapC. Yeast two-hybrid screen using YNB selective media (-URA-LEU-HIS) and 3-Amino1,2,4-triazole (3-AT), a competitive inhibitor of the HIS3 gene product. Various single mutants
in FtsZ289-314 are tested for interaction with full-length ZapC. Plates were incubated at 30°C for 2
days.
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40.3 kDa

Figure 8. FtsZ single mutants in FtsZ289-314 region are stable in yeast.
Western blots of FtsZ289-314 single mutants, the predicted ZapC docking site in FtsZ, using a
rabbit anti-FtsZ polyclonal antibody to determine the stability of the mutant proteins are shown.
A 1:4,000 dilution of the primary antibody and a 1:20,000 dilution of a secondary goat antirabbit IgG (IR800) was used. 20 µl of the samples were resolved in a 10 % SDS-PAGE gel.
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A.

B.

Figure 9. Globular domain of FtsZ is important for interaction with ZapC.
A. Yeast two-hybrid screen using pGAD and pGBDU non-Gateway vectors to create fusions on
YNB selective media (-URA-LEU-HIS) and 3-Amino-1,2,4-triazole (3-AT), a competitive
inhibitor of the HIS3 gene product. Various deletions of FtsZ are tested for interaction with
ZapC. Plates were incubated at 30°C for 2 days. B. Previous yeast two-hybrid screen (S.
Chaudhury, unpublished results), using Gateway AD- and BD- fusion vectors on selective media
(-LEU-TRP-HIS) and 3-Amino-1,2,4-triazole (3-AT), a competitive inhibitor of the HIS3 gene
product. Various deletions of FtsZ are tested for interaction with ZapC. Also included as a
33

control is ZipA, a known FtsZ regulator, which requires the FtsZ CTT for interaction with FtsZ.
Plates were incubated at 30°C for 2 days.
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Figure 10. Stability of FtsZ deletion mutants in yeast.
Western blot analysis of FtsZ deletion mutants in yeast using a rabbit anti-AD polyclonal
antibody is shown. A 1:4,000 dilution of the primary antibody and a 1:20,000 dilution of a
secondary goat anti-rabbit IgG (IR800) were used. 20 µl of the samples were resolved in a 10 %
SDS-PAGE gel.
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Figure 11. ZapC co-pellets with FtsZ and FtsZ dCTT.
Cosedimentation of ZapC with FtsZ and FtsZ dCTT. Purified FtsZ and FtsZ dCTT (5 µM) was
added to either purified ZapC or ZapD (1 µM) in FtsZ 10X polymerization buffer (50 mM
KMOPS (pH 6.5), 50 mM KCl, 2.5mM MgCl2), water, 2 mg/ml BSA and GTP (1 mM). BSA
was used as a loading control. Reactions (100 µl mixtures) were spun for 10 min at 25°C, and
equivalent aliquots of supernatant (5.4 µl) and pellet fractions (6.6 µl) were resolved in a 12.5%
SDS-PAGE gel. Gel was stained with SimplyBlue™ SafeStain (Life Technologies) following
the provided protocol.
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Table 1. Strains and plasmids used in this study.

Strain or plasmid
Bacterial Strains
BL21(DE3)/pET11bFtsZ
DH10B

Description

Source or Reference

F−ompT hsdSB (rB− mB−) dcm gal λ(DE3) pET11b-FtsZ

L. Romberg
Invitrogen

TB28

F-mcrA ∆(mrr-hsdRMS-mcrBC) φ80lacZ∆M15∆lacX74
recA1 endA1 araD139 ∆(ara, leu)7697 galU galKλ- rpsL
nupG
MG1655_lacZYA

Plasmids
pGADC1
pGBDUC1
pCH320
pNG162

bla leu2 PADH1::gal4AD
bla ura3 PADH1::gal4BD
PADH1::gal4BD-zapC
pSC101, Spc !

Lab collection
de Boer PA

Bacterial Constructs
KHH 37
KHH 56
KHH 62
KHH 63
KHH 64
KHH 65
KHH 67
KHH 104
LT 1
LT 8
LT 10
LT 14
LT 15

DH10B pGBDUC1-ZapC K94A C1 (sequenced)
DH10B pGADC1-FtsZ C1 (sequenced)
DH10B pGBDUC1-ZapC R31E (sequenced)
DH10B pGBDUC1-ZapC R33E (sequenced)
DH10B pGBDUC1-ZapC R36E (sequenced)
DH10B pGBDUC1-ZapC K37D (sequenced)
DH10B pGBDUC1-ZapC K89D (sequenced)
DH10B pGADC1-FtsZdCTV (sequenced)
DH10B pGBDUC1-ZapC R150E (sequenced)
DH10B pGADC1 FtsZ 1-372 (sequenced)
DH10B pGADC1 FtsZ 1-314 (sequenced)
DH10B pGADC1 FtsZ 289-383 (sequenced)
DH10B pGADC1 FtsZ 315-383 (sequenced)

LT 14
LT 15
LT 16
LT 18

DH10B pGBDUC1 ZapC R19E (sequenced)
DH10B pGBDUC1 ZapC K94D (sequenced)
DH10B pGBDUC1 ZapC R31A R33A (sequenced)
DH10B pGBDUC1 ZapC R31E R33E (sequenced)

LT 20
LT 21
LT 22
LT 23
LT 24
LT 26
LT 51
LT 53
LT 54
LT 55

DH10B pGADC1 FtsZ D299K (sequenced)
DH10B pGADC1 FtsZ D301K (sequenced)
DH10B pGADC1 FtsZ D304K (sequenced)
DH10B pGADC1 FtsZ E305R (sequenced)
DH10B pGBCUC1 ZapC K89A (sequenced)
DH10B pNG162 ZapC K89D (sequenced)
DH10B pNG162 ZapC K37D (sequenced)
DH10B pNG162 ZapC K94D (sequenced)
DH10B pNG162 ZapC R150E (sequenced)
DH10B pGADC1 FtsZ D299K D304K E305R (sequenced)
TB28 pNG162 ZapC (sequenced)

LT 57

de Boer PA

J. Beckwith
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LT 58
LT 59
LT 60
LT 61
LT 62
LT 63
Yeast Strains
PJ69-4A
SL3004

TB28 pNG162 (sequenced)
TB28 pNG162 ZapC K37D (sequenced)
TB28 pNG162 ZapC K89D (sequenced)
TB28 pNG162 ZapC K94D (sequenced)
TB28 pNG162 ZapC R150E (sequenced)
DH10B pNG162 ZapC K89D K94D (sequenced)

MATα
trp1-901
leu2-3,112
ura3-52
his3-200
gal4∆gal80∆LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7lacZ
MATα ade2-101 gal4 gal80 his3 leu2 lys2-801 trp1-901
ura3-5

Yeast Constructs
KHH Y-2
KHH Y-3
KHH Y-4
KHH Y-5
KHH Y-10
KHH Y-14
KHH Y-20
KHH Y-21
KHH Y-22
KHH Y-23
KHH Y-52
LT Y-1
LT Y-2
LT Y-3
LT Y-4
LT Y-5

pGADC1 FtsZ (SL3004)
pGADC1 (SL3004)
pGBDUC1 (PJ69-4A)
pGBDUC1 ZapC WT (PJ69-4A)
pGBDUC1 ZapC K94A (PJ69-4A)
pGBDUC1 ZapC R89D (PJ69-4A)
pGBDUC1 ZapC R31E (PJ69-4A)
pGBDUC1 ZapC R33E (PJ69-4A)
pGBDUC1 ZapC R36E (PJ69-4A)
pGBDUC1 ZapC K37D (PJ69-4A)
pGADC1 FtsZ dCTV (SL3004)
pGADC1 FtsZ 1-372 (SL3004)
pGADC1 FtsZ 1-314 (SL3004)
pGADC1 FtsZ 289-383 (SL3004)
pGADC1 FtsZ 315-383 (SL3004)
pGBDUC1 ZapC R150E (PJ69-4A)

LT Y-6
LT Y-7
LT Y-8
LT Y-9
LT Y-10
LT Y-11
LT Y-12
LT Y-13
LT Y-14
LT Y-15
LT Y-16

pGBDUC1 ZapC R19E (PJ69-4A)
pGBDUC1 ZapC R31A R33A (PJ69-4A)
pGBDUC1 ZapC R31E R33E (PJ69-4A)
pGBDUC1 ZapC K89A (PJ69-4A)
pGBDUC1 ZapC K94D (PJ69-4A)
pGADC1-FtsZ D299K (SL3004)
pGADC1-FtsZ D301K (SL3004)
pGADC1-FtsZ D304K (SL3004)
pGADC1-FtsZ E305R (SL3004)
pGBDUC1 ZapC K89D K94D (PJ69-4A)
pGADC1 FtsZ D299K D304K E305R (SL3004)
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Table 2. List of primers used in this study
Primer
pNG162 BamH1 Forward
pNG162 HindIII Reverse
ZapC R19E Forward
ZapC R19E Reverse
ZapC R31A R33A Forward
ZapC R31A R33A Reverse
ZapC R31A Forward
ZapC R31A Reverse
ZapC R33E Forward
ZapC R33E Reverse
ZapC R31E R33E Forward
ZapC R31E R33E Reverse
ZapC R36E Forward
ZapC R36E Reverse
ZapC K37D Forward
ZapC K37D Reverse
ZapC M38A Forward
ZapC M38A Reverse
ZapC K89A Forward
ZapC K89A Reverse
ZapC K89D Forward
ZapC K89D Reverse
ZapC K94A Forward
ZapC K94A Reverse
ZapC K94D Forward
ZapC K94D Reverse
ZapC K89D K94D Forward
ZapC K89D K94D Reverse
ZapC R150E Forward
ZapC R150E Reverse
FtsZ 1 Forward
FtsZ 314 Reverse
FtsZ 315 Forward
FtsZ 289 Forward
FtsZ 372 Reverse
FtsZ 383 Reverse
FtsZ D299K Forward
FtsZ D299K Reverse
FtsZ D301K Forward
FtsZ D301K Reverse
FtsZ D304K Forward
FtsZ D304K Reverse
FtsZ E305R Forward
FtsZ E305R Reverse
FtsZ D299K D304K E305R Forward
FtsZ D299K D304K E305R Reverse

Sequence (5’ to 3’)
GATCGGATCCAGGAGGAAGGCGATGCGAATTAAACCAGAC
GCGCGCAAGCTTTTAGACTGCCTGTTCGAGGCT
GAAGAGCACGATGAAATGATGCTCGATTTAG
CTAAATCGAGCATCATTTCATCGTGCTCTTC
CAATGGTATGCTATTTGCCTCAGCTTTTGCGCGCAAGATG
CATCTTGCGCGCAAAAGCTGAGGCAAATAGCATACCATTG
AATGGTATGCTATTTGAATCACGTTTTGCG
CGCAAAACGTGATTCAAATAGCATACCATT
ATGCTATTTCGCTCAGAATTTGCGCGCAAG
CTTGCGCGCAAATTCTGAGCGAAATAGCAT
CAATGGTATGCTATTTGAATCAGAATTTGCGCGCAAGATG
CATCTTGCGCGCAAATTCTGATTCAAATAGCATACCATTG
CGCTCACGTTTTGCGGAAAAGATGTTGACT
AGTCAACATCTTTTCCGCAAAACGTGAGCG
TCACGTTTTGCGCGCGACATG TTGACTCCA
TGGAGTCAACATGTCGCGCGCAAAACGTGA
GTTTTGCGCGCGCAAGGCGTTGACTCCAGATG
CATCTGGAGTCAACGCCTTGCGCGAAAAC
GCAATTCGCTATCTCGCTCCGCAAATGCC
CGGCATTTGCGGAGCGAGATAGCGAATTGC
GCASTTCGCTATCTCGATCCGCAAARGCCG
CGCCATTTGCGGATCGAGATAGCGAATTGC
CCGCAAATGCCGGCAAGCTGGCATTTTG
CAAAATGCCAGCTTGCCGGCATTTGCGG
CCGCAAATGCCGGACAGCTGGCATTTTG
CAAAATGCCAGCTGTCCGGCATTTGCGG
GATCCGCAAATGCCGGACAGCTGGCATTTT
AAAATGCCAGCTGTCCGGCATTTGCGGATC
GTTATTGCGGGTGAGGCGATGCAGTTGGG
CCCAACTGCATCGCCTCACCCGCAATAAC
ATGTTTGAACCAATGGAACTTACCAATGACG
GGCGGTCGACTTAACCTGTCGCAACAACGGTTAC
GGTAGGATCCATCGGCATGGACAAACGTCCT
GGTAGGATCCAACGCGACTGTGGTTATCGGT
GGCGGTCGACTTACAGATAATCCGGCTCTTTCGC
GGCGGTCGACTTAATCAGCTTGCTTACGCAGGAA
GGTACTTCTCTTAAACCGGATATGAAT
ATTCATATCCGGTTTAAGAGAAGTACC
TCTCTTGACCCGAAAATGAATGACGAG
CTCGTCATTCATTTTCGGGTCAAGAGA
CCGGATATGAATAAAGAGCTGCGCGTA
TACGCGCAGCTCTTTATTCATATCCGG
GATATGAATGACCGGCTGCGCGTAACC
GGTTACGCGCAGCCGGTCATTCATATC
AAACCGGATATGAATAAACGGCTGCGCGTA
TACGCGCAGCCGTTTATTCATCTACGGTTT
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Table 3 – Summary of ZapC mutants-FtsZ interactions in Y2H assays.
Binding
Domain
ZapC
empty
ZapC
R19E
ZapC
L22P
ZapC
R31A
R33A
ZapC
R31E
ZapC
R33E
ZapC
R31E
R33E
ZapC
R36E
ZapC
R37D
ZapC
M38A
ZapC
K89A
ZapC
K89D
ZapC
K94A
ZapC
K94D
ZapC
K89D
K94D
ZapC
R150E

Activation
Domain*

β-galactosidase
Activity – Range %

β-galactosidase
Activity %**

Location
ZapC

100
16.5
19.3

STDEV
Average
%
9.6
4.0
2.6

100^
13.6-18.1
17.7-28.9
14.2-19.5

17.9

1.1

-

19.7-25.9

20.9

2.6

peptide
site

binding

16.8-54.9

40.0

4.5

binding

29.5-35.5

32.5

4.1

60.4-73.0

65.6

7.7

peptide
site
peptide
site
peptide
site

72.1-107

89.9

11.4

24.9-61.8

36.1

12.6

116.1

116.4

19.1

64.1-96.1

75.1

15.7

21.1-33.7

25.4

9.8

60.1-70.7

65.4

6.1

21.3-29.7

23.9

1.2

16.7-24.7

20.6

1.6

38.6-48.4

43.5

5.1

^ Numbers are normalized to a 100%.
* Activation Domain contains FtsZ unless mentioned otherwise.
** Reported activity numbers are the average of 3 independent experiments.
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on

-

binding
binding

peptide
binding
site
basic pocket-like
domain
basic pocket-like
domain
basic pocket-like
domain
basic pocket-like
domain
basic pocket-like
domain
basic pocket-like
domain
basic pocket-like
domain
basic pocket-like
domain

Table 4. Summary of FtsZ point mutations–ZapC interactions in Y2H assays.
Activation Domain

Binding
Domain*

FtsZ
empty
FtsZ D299K
FtsZ D301K
FtsZ D304K
FtsZ E305R
FtsZ D299K D304K E305R

β-Galactosidase
Activity – Range
%
100^
12.0-19.6
72.2-89.3
80.2-96.2
74.8-82.7
75.6-89.1
73.7-77.3

βGalactosidase
Activity %**
100
15.7
79.0
85.6
82.1
83.2
75.6

^ Numbers are normalized to a 100%.
* Binding Domain contains ZapC unless mentioned otherwise.
** Reported activity numbers are the average of 3 independent experiments.
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STDEV
Average %
9.5
2.4
2.9
11.3
10.7
8.2
5.9

Table 5. Summary of FtsZ deletion mutants–ZapC interactions in Y2H assays.
Activation
Domain
FtsZ
empty
FtsZ dCTV
FtsZ 1-372
FtsZ 1-314
FtsZ 289-383
FtsZ 315-383

Binding Domain*

β-Galactosidase
Activity – Range %
100^
10.2-22.1
38.5-51.1
35.2-68.8
36.8-78.0
9.1-18.8
13.1-15.7

β-Galactosidase
Activity %**
100
15.8
44.9
47.3
50.7
15.3
14.4

^ Numbers are normalized to a 100%.
* Binding Domain contains ZapC unless mentioned otherwise.
** Reported activity numbers are the average of 3 independent experiments.
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STDEV
Average %
12.9
3.2
3.9
11.3
9.7
1.1
2.2
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   +	
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Supplemental Figure 1. Graphical representation of “peptide binding site” ZapC mutantsFtsZ interactions in Y2H assays using the LacZ reporter.
a.

Numbers are normalized to a 100% for wild type activity.

b.

Reported activity numbers are the average of 3 independent experiments.
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Supplemental Figure 2. Graphical representation of “basic pocket-like domain” ZapC
mutants-FtsZ interactions in Y2H assays using the LacZ reporter.
a.

Numbers are normalized to a 100% for wild type activity .

b.

Reported activity numbers are the average of 3 independent experiments.
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Supplemental Figure 3. Graphical representation of FtsZ deletion mutants-ZapC
interactions in Y2H assays using the LacZ reporter.
a.

Numbers are normalized to a 100% for wild type activity.

b.

Reported activity numbers are the average of 3 independent experiments.
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Supplemental Figure 4. Graphical representation of FtsZ globular domain mutants-ZapC
interactions in Y2H assays using the LacZ reporter.
a.

Numbers are normalized to a 100% for wild type activity.

b.

Reported activity numbers are the average of 3 independent experiments.
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